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Electrochemical Data 

I. In t roduct ion  

Defined Values. 

eva lua t ion  and t a b u l a t i o n  of e lectrochemical  d a t a  fo l low below. These def ined  

Defined va lues  which w i l l  b e  used throughout t h i s  c r i t i c a l  

va lues  a r e  based, f o r  t h e  most p a r t ,  on those recommended i n  1963 by t h e  
I -  

committee on fundamental cons t an t s  of t h e  Nat ional  Academy of Sciences- 

Nat iona l  Research Council [Chem. & Eng. N e w s ,  Nov. 11, 1963, page 391. 

Meter, m = 1,650,763.73 wave lengths  i n  vacuo of t h e  unperturbed t r a n s i t i o n  

2p10-5d5 i n  86Kr 

Centimeter,  cm = one hundredth of t he  meter 

Kilogram, kg = mass of t h e  i n t e r n a t i o n a l  kilogram a t  S&res, France. 

- Gram,  g = mass s tandard ,  one thousandth of t h e  m a s s  of t h e  i n t e r n a t i o n a l  

ki logram a t  S'evres, France. 

h 
Second, s = 1/31,556,925.9747 of t h e  t r o p i c a l  year a t  12 ET,O January 1900 

Unif ied  atomic mass u n i t ,  u = 1/12 t h e  mass of an atom of t h e  1 2 C  nuc l ide  

- Mole, mol = amount of subs tance ,  i n  grams, conta in ing  t h e  same number of 

atoms, o r  undissoc ia ted  molecules,  or undissoc ia ted  r a d i c a l s  a s  12 grams of 

12 pu re  C.  

Degree Kelvin,  "K = def ined  i n  the thermodynamic s c a l e  by ass igning  

273.16"K t o  t h e  t r i p l e  p o i n t  of water ( f r eez ing  p o i n t  of water ,  273.15"K = 0°C) 

Standard a c c e l e r a t i o n  of f r e e  f a l l ,  gn = 9.80665 m s - ~  = 980.665 c m  s - ~  

Normal atmospheric p re s su re ,  a t n  = 101,325 newtons m-2 = 1,013,250 dyn cm - 2  

= 760 mm Hg 

Thermochemical c a l o r i e  (def ined) ,  calth = 4.1840 j o u l e s  

L i t e r ,  R = 1000.028 cm ; i n  1965 t h e  l i t e r  has  been redef ined  a s  e x a c t l y  3 

3 1 dm b u t  t h e  l i t e r a t u r e  d a t a  i s  based on t h e  o lde r  d e f i n i t i o n .  

- Inch,  i n  = 0,0254 m = 2.54 cm 
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Pound (avdpl ,  Ab = 0.45359237 kg = 453.59237 g 

- Note: t h e  inch and pound a r e  not  used i n  t h i s  eva lua t ion  of e lectrochemical  

d a t a  but  t h e  conversion f a c t o r s  t o  the meter (o r  cent imeter )  and kilogram 

(or  gram), r e s p e c t i v e l y ,  a r e  given here f o r  completeness. 

Physical  Constaiits. Physical  cons t an t s  which w i l l  be used throughout t h i s  

c r i t i c a l  eva lua t ion  and t a b u l a t i o n  of e lectrochemical  d a t a  fo l low below. Values 

f o r  t hese  cons t an t s  a r e  those recommended i n  1963 by the  committee on 

fundamental cons t an t s  of t he  Nat ional  Academy of Sciences-National Research 

Council [Chem. & Eng. News, Nov. 11, 1963, page 393. The va lues  given i n  

pa ren thes i s  i n  each case  r ep resen t  e s t ab l i shed  l i m i t s  of e r r o r  based on t h r e e  

s tandard  dev ia t ion  appl ied  t o  t h e  l a s t  d i g i t s  i n  the  l i s t e d  va lue  of t he  

phys ica l  cons tan t .  The symbol used f o r  each cons tan t  i s  the  i t a l i c  form of 

t h a t  given.  

23 -1 mol Avogadro cons t an t ,  NA = 6.02252(28)x 10 

Speed of l i g h t  i n  vacuum, c = 2.997925(3) x 10 m s = 2.997925(3) x 10 cm s 8 -1 10 -1 

Elementary charge (sometimes c a l l e d  the e l e c t r o n i c  or  p ro ton ic  charge) ,  e = 

4.80298(20) e . s .u .  = 1.60210(7) coulomb 

-1 4 
Faraday cons t an t ,  F = 96487.0(1.6) coulomb (g-equivalent)  = 2.89261(5) x 10 

-1 -1 e .s .u .  (g-equiv) = 23060.9(0.4) c a l  v o l t  equiv t h  

Normal volume p e r f e c t  gas ,  Vo = 2.24136(30) x m3 mo1-l = 2.24136(30) x 10 4 

3 -1 c m  mol 

Gas c o n s t a n t ,  R = 8.3143(12) J O K - '  mo1-l = 1.98717(29) ca l th  " K  -1 mol -1 = 

3 -1 82.0558(118) c m  atm O K  mol-' 

-23J oK-l 
Boltzmann cons t an t ,  k = 1.38054(18) x 10 

Planck c o n s t a n t ,  h = 6.6256(5) x J s 

Planck cons t an t , -k  = h/2n = 1.05450(7) x J s 
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Conversion Fac to r s .  The fol lowing conversion f a c t o r s  f o r  t h e  e l e c t r i c a l  u n i t s  

were used i n  t h e  eva lua t ions  (Nat. Bur. Standards C i rcu la r  459, 1947): 

1 i n t e r n a t i o n a l  v o l t  (US) = 1.000330 absol.ute v o l t s  

1 i n t e r n a t i o n a l  ohm (US) = 1.000495 abso lu te  ohms 

1 i n t e r n a t i o n a l  ampere (US) = 0.999835 abso lu te  ampere 

1 i n t e r n a t i o n a l  coulomb (US) = 0.999835 abso lu te  coulomb 

1 i n t e r n a t i o n a l  j o u l e  (US) = 1.000165 abso lu te  j o u l e s  

These conversion f a c t o r s  were used for  a l l  d a t a  determined i n  t h e  United S t a t e s  

p r i o r  t o  1949. 

e l e c t r i c a l  measurements a f t e r  January 1, 1948 have been based on abso lu te  u n i t s  

( t h e  t r a n s i t i o n  was assumed t o  be  one year  from Jan.  1, 1948 t o  Jan.  1, 1949).  

Af te r  1949 these  conversion f a c t o r s  do not  apply s i n c e  a l l  

The conversion f a c t o r s  used f o r  a l l  d a t a  determined o u t s i d e  the  United 

S t a t e s  were: 

1 i n t e r n a t i o n a l  v o l t  = 1.00034 absolu te  v o l t s  

1 i n t e r n a t i o n a l  ohm = 1.00049 absolu te  ohms 

1 i n t e r n a t i o n a l  ampere = 0.99985 abso lu te  ampere 

1 i n t e r n a t i o n a l  coulomb = 0.99985 abso lu te  coulomb 

1 i n t e r n a t i o n a l  j o u l e  = 1.00019 absolu te  j o u l e s  

Miscel laneous Values. The fol lowing values  were used i n  t h e  eva lua t ions :  

n = 3.14159265 

An 10 = 2.302585 Rog 10 

Standard Conventions. The fol lowing conventions a r e  used throughout t h e  c r i t i c a l  

eva l u  a t i on s : 

Reference e l ec t rode .  The re ference  e l e c t r o d e  t o  which a l l  e l ec t rode  I 

p o t e n t i a l s  a r e  r e f e r r e d  i s  t h e  standard hydrogen e l ec t rode  (SHE) t o  which a 

ze ro  p o t e n t i a l  i s  convent iona l ly  assigned a t  a l l  temperatures when t h e  p re s su re  
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# 
( fugac i ty )  of t he  hydrogen gas i s  one atmosphere and t h e  hydrogen ion  

(hydronium ion)  i s  a t  u n i t  a c t i v i t y .  

Sign of e l e c t r o d e  p o t e n t i a l s .  The Stockholm convention [J. A. Chr i s t i ansen  

and M. Pourbaix,  Compt. rend.  conf. union i n t e r n .  chim. pure e t  app l . ,  17 th  

Conf. Stockholm, p. 83 (1953)l  i n  regard t o  t h e  s i g n  of e l e c t r o d e  p o t e n t i a l s  

i s  followed. 

Randa l l ' s  Thermodynamics, 2nd ed . ,  Chap. 24, McGraw-Hill Book Company, I n c . ,  

19611 i s  used f o r  t he  s tandard  e lec t rode  p o t e n t i a l  wi th  Eo reserved f o r  t he  

s tandard  oxida t ion  p o t e n t i a l .  ? Oand E" a r e  of oppos i te  s ign .  

t h e  Stockholm convention the  s i g n  of the p o t e n t i a l  i s  p o s i t i v e  i f  t h e  e l e c t r o d e  

i n  ques t ion  i s  t h e  p l u s  (+) terminal  of a c e l l  whose o the r  e l ec t rode  i s  t h e  

s tandard  hydrogen e l ec t rode .  

The symbol 'Vorecommended by P i t z e r  and B r e w e r  [Lewis  and 

According t o  

Standard S t a t e s .  The s tandard  s t a t e s  used fol low the  conventions of 

P i t z e r  and B r e w e r ,  l oc .  c i t .  They a r e  de f ined  a s  follows: 

The s tandard  s t a t e  of an element a t  a l l  temperatures i s  t h a t  form which 

i s  t h e  most s t a b l e  or  more common a t  the temperature under cons idera t ion .  For 

a gas  t h e  s tandard  s t a t e  i s  the  hypothe t ica l  i d e a l  gas a t  u n i t  fugac i ty ,  i n  

which s t a t e  t h e  en tha lpy  and h e a t  capac i ty  a r e  those  of t h e  r e a l  gas a t  t h e  

same temperature  and a t  zero  pressure .  

The s tandard  s t a t e  f o r  a pure so l id  or  l i q u i d  i s  taken a s  the  pure 

subs tance  i n  t h e  condensed phase under a p re s su re  of one atmosphere. 

The s tandard  s t a t e  f o r  a s o l u t e  in aqueous s o l u t i o n  i s  taken a s  t h e  

h y p o t h e t i c a l  i d e a l  s o l u t i o n  of u n i t  mola l i ty ,  i n  which s t a t e  t h e  p a r t i a l  

molal  en tha lpy  and hea t  capac i ty  of the s o l u t e  a r e  the  same a s  those i n  t h e  

i n f i n i t e l y  d i l u t e  so lu t ion .  

The thermodynamic p r o p e r t i e s  of ind iv idua l  i ons  i n  aqueous s o l u t i o n  a r e  

+ based on t h e  convention t h a t  AH;, AG;, so, and c" f o r  H (aqueous s tandard  
P 
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J 
s t a t e ,  m = 1) a r e  zero.  H ,  G ,  S, and C denote,  r e s p e c t i v e l y ,  enthalpy,  

Gibbs energy, entropy,  and h e a t  capaci ty .  
P 

Atomic Weight Scale .  

I 2 C  = 1 2  was adopted [Chem. & Eng. N e w s ,  p. 43, Nov. 20 (1961)l .  

I n  1961 t h e  un i f i ed  atomic weight s c a l e  based on 

Previous ly  

t h e  chemists had used a s c a l e  based on a mass of 16  f o r  n a t u r a l l y  occurr ing  

oxygen atoms; t h e  p h y s i c i s t s  had used 16  f o r  t he  nuc l ide  l 6 O .  

I 2 C  = 1 2  introduced an o v e r a l l  change i n  mole q u a n t i t i e s  of 0.0043% f o r  t h e  

chemist  and 0.0318% f o r  t h e  p h y s i c i s t .  When these  changes were e f f e c t e d  some 

s l i g h t  adjustments were made i n  t h e  atomic weights (1961) and these  f a c t o r s  do 

no t  apply t o  a l l  elements. These l a t t e r  adjustments have a l s o  been incorpora ted  

i n  t h e  p re sen t  eva lua t ions  of e lectrochemical  da ta .  

Fac tors .  The f a c t o r s  t h a t  a r e  being considered i n  t h e  c r i t i c a l  eva lua t ion  of 

e lec t rochemica l  d a t a  may be summarized a s  follows: 

(1) The change i n  t h e  temperature s c a l e ,  i . e . , f rom 273.16"K t o  273.15"K 

The change t o  

f o r  t h e  i c e  po in t .  

(2)  The change from " in t e rna t iona l "  t o  "absolute" e l e c t r i c a l  u n i t s .  

(3) The change i n  t h e  Faraday constant 

( 4 )  The change i n  the  s c a l e  of atomic weights.  

11. Standard of Electromotive Force 

The phys ica l  s tandard  of e lectromotive f o r c e  (emf) i s  t h e  cadmium s u l f a t e  

(o r  Weston) c e l l  of the  s a t u r a t e d  type where s a t u r a t e d  r e f e r s  t o  the  s t a t e  of 

t h e  e l e c t r o l y t e .  It c o n s i s t s  of an anode (negat ive  te rmina l )  of a 2-phase 

cadmium amalgam (10%) and a mercury-mercurous s u l f a t e  cathode ( p o s i t i v e  te rmina l )  

i n  a s a t u r a t e d  s o l u t i o n  of cadmium s u l f a t e  with c r y s t a l s  of CdS04.8/3H20 over 
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t h e  s u r f a c e  of both e l ec t rodes .  This  c e l l  may be represented  by: 

(-)Cd,Hg(2p) I CdSO4.8/3H20(c) I CdS04(sat aq) iCdSO4'8/3H20(c) IHg2S04(s) IHg(A)(+) 

where 2p = 2 phase,  c = c r y s t a l ,  s a t  aq = s a t u r a t e d  aqueous s o l u t i o n ,  s = 

s o l i d ,  and a = l i q u i d .  The o v e r a l l  r eac t ion  of t he  c e l l  is: 

xCd,yHg(2p) + Hg2S04(s) + 8/3  (CdS04-mH20)(sat aq) = m (CdSO4'8/3H2O)(c) 
m-8/3 m-8/3 

where x moles of Cd a r e  assoc ia ted  w i t h  y moles of Hg i n  t h e  amalgam and m 

i s  t h e  number of moles of water assoc ia ted  with 1 mole of CdSO i n  the  

s a t u r a t e d  s o l u t i o n  [W.  J .  Hamer, Nat l .  Bur. Standards Monograph 84, (1965)l .  

4 

This  c e l l  i s  used t o  maintain t h e  u n i t  of e lec t romot ive  f o r c e  i n  t h e  

United States  and i n  coun t r i e s  abroad. A l l  emf d a t a ,  t h e r e f o r e ,  d i r e c t l y  or  

i n d i r e c t l y  r e l a t e  back t o  t h i s  c e l l  as maintained. 

I n  t a b l e  1 values  of t h e  emf of the c e l l  a r e  given f o r  a series of 

temperatures  from 0°C t o  43.6"C. 

t h e  u n i t  of energy i n  t h e  Systeme I n t e r n a t i o n a l  d 'Uni tes  ( S I )  adopted i n  a 

r e s o l u t i o n  of t h e  11th  General Conference on Weights and Measures, October 

1960, P a r i s ,  France [W. J. Hamer, J. Wash. Acad. Sciences 54, 297 (1964)l .  

I n  t a b l e  2 t h e  thermodynamic d a t a  a r e  given i n  terms of t h e  thermochemical c a l o r i e .  

The thermodynamic d a t a  a r e  given i n  j o u l e s ,  

Thermodynamic q u a n t i t i e s .  The Gibbs energy change, AG, t he  enthalpy 

change, AH, t he  entropy change, AS, and the  change i n  h e a t  capac i ty ,  AC f o r  

a c e l l  o r  e l e c t r o d e  r e a c t i o n ,  a r e  obtained from t h e  emf o r  e l e c t r o d e  p o t e n t i a l  

by t h e  r e s p e c t i v e  equat ions:  

P ,  

= -nFE + nFT(dE/dT) 
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AS = nF(dE/dT) 

2 2  AC = [d(LYI)/dT] = nFT(d E/dT ) 
P 

111. The Nernst Fac tor  

The e lec t romot ive  f o r c e  of a galvanic  ( o r  v o l t a i c )  c e l l  and t h e  e l e c t r o d e  

p o t e n t i a l  of an e l e c t r o d e  a r e  given as func t ions  of t he  a c t i v i t i e s  of t h e  

r e a c t i n g  and produced substances i n  the c e l l  or  e l e c t r o d e  r e a c t i o n  by: 

E = E"-(l/n)(RT/F).h Q = Eo-(l/n>(2.302585RT/F)4og Q 

where 9 i s  t h e  product  of t h e  a c t i v i t i e s  (o r  f u g a c i t i e s )  of t h e  produced 

substances d iv ided  by t h e  product of the a c t i v i t i e s  of t h e  r e a c t i n g  subs tances ,  

each a c t i v i t y  r a i s e d  t o  t h a t  power whose exponent i s  t h e  c o e f f i c i e n t  of t h e  

subs tance  i n  t h e  chemical equat ion and; i s  t he  number of faradays involved 

i n  t h e  r e a c t i o n  as w r i t t e n .  For t h e  equi l ibr ium s t a t e  Q becomes t h e  equ i l ib r ium 

c o n s t a n t ,  K,  and s i n c e  E f o r  t h e  r eac t ion  a t  equi l ibr ium i s  zero,  

E" = (l./n) (RT/F)An K = ( l / n )  (2.302585RT/F)iog K 

The f a c t o r  (RT/F)dn 10 o r  (2.302585RT/F)Aog X i s  r e f e r r e d  t o  he re  a s  t he  

Nernst  f a c t o r .  Values of t h i s  f a c t o r  f o r  temperatures from 0°C t o  100°C are 

g iven  i n  t a b l e  3;  va lues  above 100°C: f o r  use  mainly i n  emf s t u d i e s  of molten 

(or  fused )  e l e c t r o l y t e s  a r e  given i n  t a b l e  4 .  

I V .  Chemical P o t e n t i a l s ,  A c t i v i t i e s ,  and A c t i v i t y  Coef f i c i en t s  

For c losed  i s o l a t e d  systems t o  which no mat te r  i s  added or  withdrawn 

thermodynamics give:  

du = TdS-pdV 
\ 
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where U is energy, T the absolute temperature, S the entropy, p the pressure, 

and V the volume. For an open system to which matter may be added or withdrawn 

I (for example, addition of a salt to water or removal of water from a salt 

solution by evaporation) Gibbs' gave (Gibbs used different symbols): 

lJ.zdnz dU = TdS-pdV + p dn t p dn + -------- A A  B B  

where here n represents the number of moles of component A, B y  etc., 

represented by subscripts and the pL 's  represent the Gibbs' "chemical 

potentials" of the various components. Since from thermodynamic considerations, 

G = U-TS + pV = Gibbs energy 

H = U + pV = Heat content 

F(or A) = U-TS = Helmholtz energy 

the Gibbs' "chemical potentials" for component A, for example, may be defined 

in a multiplicity of ways as follows: 
I 

PA = (dU/dnA)s,v,n! = (dH/dnA) S , ,n 1 = (dF/dnA)T,VYn1 = (dG/dnA)T,p,nI 

where $- represents the constancy of all components except component A. Thus, 

Gibbs' "chemical potential" can be expressed in various ways depending on what 

conditions are held constant during an experiment. The last equality is the 

one generally used in defining the "chemical potential" in that experiments 

may easily be designed wherein the temperature and pressure are maintained 

constant. It is inconvenient to conduct experiments at constant volume and 

temperature, under which conditions the third equality applies; and it is 

indeed difficult to conceive of ways to conduct experiments either at constant 

entropy and volume (first equality) or at constant entropy and pressure (second 

equality). 
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Since the  energy, entropy,  hea t  conten t ,  Helmholtz energy, and Gibbs 

energy a r e  def ined  only by d i f f e r e n t i a l  equat ions ,  w e  can determine only 

d i f f e r e n c e s  of t hese  q u a n t i t i e s  between two states of a system conta in ing  

t h e  same quan t i ty  of matter. 

d i f f e r e n c e s  from some s tandard  state, which i s  equ iva len t  t o  an a r b i t r a r y  

assumption t h a t  t h e  va r ious  func t ions  a r e  each ze ro  i n  t h e  s tandard  s t a t e s .  

For genera l  purposes i t  i s  customary t o  assume t h a t  t h e  energy, o r  t h e  h e a t  

conten t ,  of each element a t  some standard temperature,  u s u a l l y  25"C, and 

some s tandard  pressure ,  u s u a l l y  one atmosphere, and i n  i t s  most s t a b l e  form 

under these  condi t ions  i s  zero.  This same s tandard  s t a t e  may be adopted f o r  

t h e  entropy,  Helmholtz energy, and Gibbs energy, a l though t h e  en t ropy  i s  

sometimes taken a s  zero  a t  abso lu t e  zero i n  accordance wi th  the  t h i r d  l a w  of 

thermodynamics. A knowledge of t h e  ind iv idua l  h e a t  c a p a c i t i e s  and volumes 

permi ts  t he  c a l c u l a t i o n  of t hese  q u a n t i t i e s  under o the r  condi t ions .  

It is t he re fo re  customary t o  t a b u l a t e  t h e  

The same cons ide ra t ions  apply t o  t h e  chemical p o t e n t i a l ,  i .e . ,  only 

d i f f e r e n c e s  from an a r b i t r a r i l y  se l ec t ed  s tandard  s t a t e  can be determined. 

Throughout t h i s  eva lua t ion  t h e  chemical p o t e n t i a l  s h a l l  be def ined  i n  terms 

of t h e  p a r t i a l  molal Gibbs energy ( fou r th  e q u a l i t y  i n  equat ion above). The 

d i f f e r e n c e  i n  chemical p o t e n t i a l  between two s t a t e s  (compositions) of an 

i d e a l  s o l u t i o n  i s  given by: 

where i = component i and p and x denote, r e s p e c t i v e l y ,  t h e  vapor p re s su re  

and mole f r a c t i o n .  I f  one of t h e  compositions i s  the  pure  component wi th  

where t h e  r e l a t i v e  vapor p re s su re  of component i i s  equal  t o  t h e  mole f r a c t i o n  



4 

- 10 - 

of component i. For r e a l  or non-ideal s o l u t i o n s  t h i e  equat ion  becomes 

f cLi = p i  + RTan 2 = p i  + R T h  ai 
f; 

where a i s  the  a c t i v i t y  of component i and def ined as  the  r e l a t i v e  fugac i ty .  i 

For s o l u t i o n s  of e l e c t r o l y t e s  the s tandard  s t a t e  i e  choeen so t h a t  t h e  

r a t i o  of t h e  a c t i v i t y  t o  the  concent ra t ion  i s  equal t o  u n i t y  a t  i n f i n i t e  d i l u t i o n  

where the  laws of i d e a l  s o l u t i o n s  a r e  obeyed. G. N. Lewis [Proc. Am. Acad., 

- 13,  359 (1907)l c a l l e d  t h i s  r a t i o  t h e  a c t i v i t y  c o e f f i c i e n t ,  thus a = xyx. 

It i s  more usua l ,  however, t o  express the  composition of a s o l u t i o n  e i t h e r  

i n  terms of concent ra t ion  (mola r i ty ) ,  c ,  i .e . ,  moles of s o l u t e  per  l i t e r ,  or  

a s  m o l a l i t i e s ,  m,  i n  moles of s o l u t e  per 1000 grams of so lvent .  

t hese  cases ,  t h e  numerical va lues  of the  a c t i v i t y  c o e f f i c i e n t  d i f f e r  from 

I n  each of 

and y those  expressed on the  b a s i s  of mole f r a c t i o n ;  yc  

denote  t h e  a c t i v i t y  c o e f f i c i e n t  on the mola r i ty  and mola l i t y  s c a l e s ,  

a r e  used he re  t o  m 

r e s p e c t i v e l y .  The r e l a t i o n  between y,, y c ,  and y a r e  given by: m 

= yc (d-0.001 MC + 0.001 

e: (1 + 0.001 urn 

cyc = do m ym 

YX 

Yx Ym 

where d = d e n s i t y  of s o l u t i o n ,  do = dens i ty  of so lvent ,  M = molecular weight 
S 

of s o l v e n t ,  M = molecular weight of so lu t e ,  and u = the number of ions  i n t o  

which one molecule of t h e  s o l u t e  d issoc ia teo .  

As e l e c t r o n e u t r a l i t y  must p reva i l  i n  e l e c t r o l y t i c  s o l u t i o n s ,  t h e  a c t i v i t y  

of an e l e c t r o l y t e  t h a t  i on izes  i n t o  u+ c a t i o n s  and V- anions is given by: 

u- V 
f = a  V+ 

a s a l t  = a2 s '+ a- 
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where u = u + u-. Therefore ,  f o r  an e l e c t r o l y t i c  so lu t ion ,  i t s  mean 

a c t i v i t y ,  a?, would be  g iven  by: 

+ 

Thus a+ = y? rn? and a2 = ( y+  m,)’ where m+ and y+ denote,  r e s p e c t i v e l y ,  - - - - 

t h e  mean m o l a l i t y  and mean a c t i v i t y  c o e f f i c i e n t .  The mean a c t i v i t y  c o e f f i c i e n t  

i s  given by: 
13- l / V  

1 + V 

= (Y+ Y, 71 

and t h e  mean i o n i c  concent ra t ion  ( i n  mola l i t y ,  f o r  example) by: 

The p r o p e r t i e s  of e l e c t r o l y t i c  so lu t ions  are,  i n  gene ra l ,  d i r e c t l y  r e l a t e d  

t o  t h e  i o n i c  s t r e n g t h  of t h e  so lu t ion ,  def ined  by: 

2 I = 1 / 2  C zi mi = Ym 
i 

where z i s  the  i o n i c  valence.  

Values of Xm and Ym a s  w e l l  as y+ and a are given i n  t a b l e  5 f o r  v a r i o u s  - 2 

va lence  types of e l e c t r o l y t e s .  

V. Theore t i ca l  Expressions f o r  A c t i v i t y  Coef f i c i en t s  

A c t i v i t y  c o e f f i c i e n t s  g ive  a measure of the  dev ia t ions  of r e a l  s o l u t i o n s  

from i d e a l i t y  and inc lude  the  magnitude of a l l  e f f e c t s  t h a t  l ead  t o  t h e s e  

d e v i a t i o n s .  I n  d i l u t e  so lu t ions  the main e f f e c t  i s  t h a t  of i n t e r i o n i c  

a t t r a c t i o n ,  i. e. ,  t h e  a t t r a c t i o n  between e l e c t r i c a l  ( i o n i c )  charges of 

u n l i k e  s ign ,  and f o r  which Debye and H{ckel [Physik. Z . ,  - 2 4 ,  185 (1923)], 

assuming t h a t  i ons  were po in t  charges der ived  a s o l u t i o n  which l eads  t o  t h e  
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II 
fol lowing express ion  (gene ra l ly  known a s  the  Debye-Huckel l i m i t i n g  l a w )  

f o r  t he  mean a c t i v i t y  c o e f f i c i e n t  of an e l e c t r o l y t e  (y s h a l l  be used h e r e a f t e r  

f o r  T + ) :  
- 

Aog y c  = ‘2 + z- Ac /Ic 

where t h e  s u b s c r i p t  c r e f e r s  t o  concentrat ions on t h e  volume b a s i s  and 

6 1 = 1.824829238 x 10 , 3 e 112 A = 2nN 

(T ( 312 312) 2.302585 k3’2 T e 

where e denotes  t h e  d i e l e c t r i c  constant  of the  so lvent  and t h e  o the r  symbols 

having the  meanings and numerical values  given under Phys ica l  cons t an t s  above. 

Values of c f o r  water a t  va r ious  temperatures a r e  g iven  i n  t a b l e  6. 

m o l a l i t y  (o r  weight)  b a s i s  i s  given by Am = Ac(do)112 where do i s  t h e  d e n s i t y  

of t h e  so lvent .  

Am on t h e  

11 
When t h e  s i z e ,  ai, of t h e  ions  a re  taken i n t o  account,  t h e  Debye-Huckel 

equat ion  becomes : 

- -z+ z-  A /Ic 

1 + B a .  J I ~  
Y c  - 

c 1  

where 

8 = 50.29158649 x 10  1 1 112 e 

(T  e)112 

= 8nN 

where t h e  symbols have t h e  s ign i f i cances  given above. 

( o r  weight )  b a s i s  i s  given by B 

and B for  aqueous s o l u t i o n s  a t  a series of Values of Ac, Am, Bc,  

Bm on t h e  m o l a l i t y  

112 
= Bc ( d o )  . m 

m 

tempera tures  from 0°C t o  100°C a r e  given i n  t a b l e  7 .  
11 

Guntelberg [ Z .  phys. Chem., 123, 199 (1926)l suggested the  simpler form 
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which i s  equiva len t  t o  ass igning  a value of approximately 3A" t o  t h e  ion  

s i z e  a t  a l l  temperatures.  A modified G h t e l b e r g  equat ion would b e  

L L  

where t h e  denominator would now be t empera tu re  dependent s i n c e  B i s  a 

func t ion  of temperature.  These ftwo expressions f o r  t h e  a c t i v i t y  c o e f f i c i e n t  

g ive  a f a i r  r e p r e s e n t a t i o n  of a number of e l e c t r o l y t e s  up t o  I = 0.1. However, 

a b e t t e r  r e p r e s e n t a t i o n  i s  obtained i f  a t e r m  l i n e a r  i n  t h e  i o n i c  s t r e n g t h  i s  

added t o  t h e  r i g h t  s i d e  of t he  equat ions.  

588 (1935)] proposed t h e  equat ion  

C 

Thus, Guggenheim [Ph i l .  Mag. l9, 

C 
+ '- Ac "IC + b I 'Z 

b 3  Y, = 
C 

1 +JI 

where b i s  an ad jus t ab le  parameter. 

Davies [J. Chem. SOC.,  (1938) 20933 a l t e r e d  t h e  Guggenheim equat ion by 

p u t t i n g  b = 0.2A z z - ,  thus: + 
+ z-  Ac 'IC + 0.2A z+ z- IC - Z  

2% Y, = 
1 + /I" 

L 

where t h e  denominator of t he  f i r s t  term on t h e  r i g h t  i s  again independent of 

temper a t u r  e. 

Scatchard ["The S t ruc tu re  of E l e c t r o l y t i c  Solut ions" ,  Ed. W. J. H a m e r ,  

p .  9 ,  John Wiley & Sons, I n c . ,  New York, 19591 suggested t h a t  a b e t t e r  

average f i t  i s  obtained i f  (1 + 1.5 /I) were used i n  t h e  denominator of t h e  

f i r s t  t e r m  on t h e  r i g h t ,  thus:  
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and i f  t h e  denominator i s  made temperature dependent 

Scatchard a c t u a l l y  used a l i n e a r  term i n  I wi th  an a d j u s t a b l e  c o e f f i c i e n t  on 

the  r i g h t  s i d e  of t hese  equat ions,  bu t  i t  i s  omit ted here .  

0 

Bjerrum [K. danske vidensk. Se lsk . ,  1, No. 9 (1926)] has  shown t h a t  ion  

p a i r s  ( a s soc ia t ed  ions  wi th  chargers  of un l ike  s ign]  occur i f  t h e  diameter 

of t h e  ion  i s  less  than 
L 

Z e 

2 e k T  
a = +'-  

Values of a 

t h e  d i e l e c t r i c  cons tan t  becomes lower a becomes l a r g e r .  Values of a f o r  

un i -univa len t  e l e c t r o l y t e s  a t  25°C as  a func t ion  of d i e l e c t r i c  cons tan t  a r e  

g iven  i n  t a b l e  9. 

f o r  aqueous s o l u t i o n s  from 0 ° C  t o  100°C a r e  given i n  t a b l e  8. As B 

B B 

The Bjerrum expression f o r  t h e  a c t i v i t y  c o e f f i c i e n t  is: 

'Z A /I Jog Y, - - + z -  c c 
1 + Bc% /Ic 

Values of the  a c t i v i t y  c o e f f i c i e n t s  of un i -univa len t  e l e c t r o l y t e s  i n  

aqueous s o l u t i o n s  a t  25°C according t o  the above seven expressions a r e  given 

i n  t a b l e  10. 

The express ions  may a l s o  be used t o  o b t a i n  va lues  of ym using va lues  of 

V I .  A c t i v i t y  c o e f f i c i e n t s  of potassium c h l o r i d e  i n  d i l u t e  

aqueous s o l u t i o n s  a t  25°C (pre l iminary)  

The a c t i v i t y  c o e f f i c i e n t s  of potassium c h l o r i d e  i n  d i l u t e  aqueous 

s o l u t i o n s  ( O . l m  or  0 . l c  or  lower) a t  25°C a r e  g iven  i n  t a b l e  11. These va lues  
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a r e  based on t h e  emf measurements of Shedlovsky and MacInnes [J. Am. Chem. 

SOC.,  59, 503 (1937)] and of Hornibrook, Janz,  and Gordon [J. Am. Chem. SOC., 

64, 513 (1942)l of ga lvanic  c e l l s  w i th  t ransference.  

s u i t a b l e  a s  s tandards  i n  i s o p i e s t i c  ( o r  i s o t o n i c )  measurements; accordingly,  

they  a r e  given t o  t h e  f o u r t h  decimal. 

pending f u r t h e r  checks. 

These va lues  a r e  

They should b e  considered a s  pre l iminary  

VII. A c t i v i t y  c o e f f i c i e n t s  of sodium c h l o r i d e  i n  d i l u t e  

aqueous s o l u t i o n s  a t  25" C (prel iminary)  

The a c t i v i t y  c o e f f i c i e n t s  of sodium c h l o r i d e  i n  d i l u t e  aqueous s o l u t i o n s  

(O.lm or  0 . l c  o r  lower) a t  25°C are given i n  t a b l e  12.  

based on t h e  emf measurements of Brown and MacInnes [J. Am. Chem. SOC., 57, 

1356 (1935)] and of Janz and Gordon [J. Am. Chem. SOC., 65, 218 (1943)l of 

ga lvan ic  ce l l s  wi th  t ransference .  

i s o p i e s t i c  (or  i s o t o n i c )  measurements; accordingly,  they a r e  given t o  t h e  

f o u r t h  decimal.  

checks.  

These va lues  are 

These va lues  a r e  s u i t a b l e  a s  s tandards  i n  

They should be considered a s  pre l iminary  pending f u r t h e r  

V I I I .  Standards f o r  E l e c t r o l y t i c  Conduct ivi ty  

A l l  conduc t iv i ty  measurements are r e f e r r e d  t o  t h e  s tandards  of Jones  

and Bradshaw [J. Am. Chem. SOC., 55, 1780 (1933)l .  

conductances of s tandard  s o l u t i o n s  of potassium ch lo r ide ,  r epor t ed  i n  

i n t e r n a t i o n a l  e l e c t r i c a l  u n i t s ,  are given i n  t a b l e  13, co r rec t ed  t o  abso lu te  

e l e c t r i c a l  u n i t s .  

expressed  t h e i r  concent ra t ion ,  i s  defined a s  a s o l u t i o n  conta in ing  a gram 

Their  s p e c i f i c  

A "demaltt s o l u t i o n ,  i n  terms of which Jones and Bradshaw 
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mole of s a l t  d i sso lved  i n  a cubic  cent imeter  of s o l u t i o n  a t  zero degrees  

Cels ius .  The d a t a  given i n  t a b l e  1 3  a r e  used i n  t h e  c a l i b r a t i o n  of 

conduc t iv i ty  c e l l s .  

IX. Theore t i ca l  Expressions f o r  Equivalent  Conductances 

The Onsager [Physik. Z . ,  27, 388 (1926); 28, 277 (1927)] l i m i t i n g  

equat ion  f o r  t h e  equiva len t  conductance of an e l e c t r o l y t i c  s o l u t i o n  as a 

func t ion  of concent ra t ion  is: 

where 

o r  f o r  a uni -univa len t  e l e c t r o l y t e :  

A = A" - [B1 A" + B2] JI 

where 

2 112 B1 = e2 A 8nNe 
6 e k T ( l o + f l / 2 )  (1000 c kT) 

and 

2 112 
1 = F2 8nNe B2 3n7]N ( 1000 e kT 

Values of B and B f o r  aqueous so lu t ions ,  on the  weight and volume b a s i s ,  

from 0°C t o  100°C a r e  g iven  i n  t a b l e  1 4  f o r  un i -univa len t  e l e c t r o l y t e s .  

1 2 

Considera t ions  of more ex tens ive  expressions f o r  equiva len t  

conductances as a func t ion  of concentrat ion w i l l  be  given i n  a subsequent 

r e p o r t .  



Table 1. - Electromotive f o r c e s  i n  v o l t s  and thermodynamic d a t a  i n  j o u l e s  f o r  t he  r e a c t i o n  
i n  t h e  Weston s a t u r a t e d  s tandard c e l l  made wi th  10 percent  cadmium amalgam 

Temper a t  u r  e Emf Gibbs energy Enthalpy Entropy Heat c a p a c i t y  
change change change change 

t E AG AH AS AC 
P 

"C 

0 

3 
5 

10 
15 
20 
25 
30 
35 
40 
43. gd 

2 .  994c 

v o l t s  

1. 0189860(0)a 
1.0189999(9) 
1.0189999(9) 
1.01 89940( 0) 
1.0189316 (7)  
1.0188096(6) 
1.0186360(1) 
1.0184172 (2)  
1.0181568(9) 
1.0178564(5) 
1.0175155(6) 
1.0172433(4) 

J mo1-l 

- 196,637.8 ( 8)b 
-196,640.5(5) 
-196,640.5(5) 
-196,639.3(3) 
-196,627.3( 3)  
-196,603.8(8) 
-196,570.3(3) 
-196,528.0(0) 
-196,477.8(8) 
-196,419.8(8) 
-196,354.0(1) 
-196,301.5(5) 

-1 J mol -1 -lOK-1 -IoK J mole J mole 

-196,139.7(5)b +l.824(4)b 

-196 , 941.5 (5) -0.003 (3)  
-196,951.7(8) -1.123(3) 
-197,651.8(21) -3.618(9) 
-198,260.3(8) -5.749(50) 
-198,798.6(93) -7.601(3) 
-199,289.7(905) -9.263(5) 
-199,757.9(89) -10.820(3) 
-200,228.5(96) -12.360(4) 
-200,728.5(99) -13.969(73) 
-201,122.6(38) -15.220(4) 

- 196,640.5 (5)  0 ( 0 )  
-174.89 (95)b 
-159.87(91) 
-159.84(9) 
-150.56(61) 
-130.15(9) 
-113.94(7) 
-102.17 (20) 

-95.11(3) 
-93.02(4) 
-96.15 (8) 

-104.79(82) 
-114.55(81) 

a - f i g u r e  i n  p a r e n t h e s i s  i s  l a s t  f i gu re  i n  emf c a l c u l a t e d  by t h e  equat ion 
-7  2 E ( i n  v o l t s )  = 1.0189860 + (9.453 x - (16.595 x 10 ) t  

-9  3 -11 4 + (18.606 x 10 ) t  - (15.005 x 10 ) t  

b - f i g u r e  i n  p a r e n t h e s i s  i s  l a s t  f i g u r e  i n  thermodynamic q u a n t i t y  c a l c u l a t e d  from emf 
g iven  by equat ion i n  a above. 

c - c e l l  has  zero  emf-temperature c o e f f i c i e n t  a t  t h i s  temperature;  value c a l c u l a t e d  from 
equat ion  given i n  a above. 

d - t r a n s i t i o n  temperature of cadmium s u l f a t e  from CdS04* 8/3H20 t o  CdSO4*H20 



. T a b l e  2 .  - Electromotive f o r c e s  i n  v o l t s  and thermodynamic d a t a  i n  thermochemical c a l o r i e s  
f o r  t h e  r e a c t i o n  i n  t h e  Weston sa tu ra t ed  s tandard  c e l l  made wi th  10 percent  
cadmium amalgam* 

Temper a t u r  e Emf Gibbs energy Enthalpy Entropy Heat cap ac  i t y 
change change change change 

t E AG AH AS AC 
P 

-1 -lOK-1 'lOK'l 
O C  v o l t s  c a l  mol c a l  thmol c a l  mol t h  cal m o l  t h  t h  

0 
2.994 

3 
5 

10  
15  
20 
25 
30 
35 
40 
43.6 

1.0189860(0)  
1 .0189999(9)  
1 .0189999(9)  
1 . 0 1 8 9 9 4 0 ( 0 )  
1.0189316( 7 )  
1 .0188096(6)  
1 .0186360(1)  
1.0184172 ( 2 )  
1 .0181568(9)  
1 . 0 1 7 8 5 6 4 ( 5 )  
1.0175155( 6 )  
1 .0172433(4)  

-46,997.5 ( 5 )  
-46 ,998.1(1)  
-46,998.1(1)  
-46,997.8 ( 8 )  
-46 ,995.0(  0 )  
-46,989.3 ( 3 )  
-46,981.3 ( 3 )  
-46,971.2 (2 )  
-46,959.2 (2) 
-46 , 945. k ( 4 )  
-46,929.6(  7 )  
- 46,917.1 ( 1 )  

-46,878.5 ( 4 )  +O. 436 ( 6 )  
-46,998.1(1)  0 (0) 
-46,998.3(3)  -0.001 (1) 
-47 ,072.5(5)  -0.268 ( 9 )  
-47 ,239.9(9)  - 0.865 ( 5 )  
-47,385.2(3)  - 1 . 3 7 4 ( 4 )  
-47,513.9 ( 4 0 )  - 1.817 ( 7 )  
-47 ,631.3(5)  - 2 . 2 1 4 ( 4 )  
-47,743.2 ( 4 )  -2.586 ( 7 )  
-47 ,855.7(60)  -2 .954(5)  
-47 ,975.1(5)  - 3 . 3 3 9 ( 4 0 )  
-48,069.3(7)  - 3 . 6 3 8 ( 9 )  

-41.80 (1) 
- 3 8 . 2 1 ( 2 )  
- 3 8 . 2 0 ( 1 )  
-35 .98(600)  
-31 .11  ( 2 )  
- 2 7 . 2 3 ( 4 )  
-24.42 ( 3 )  

- 2 2 . 2 3 ( 4 )  
- 2 2 . 9 8 ( 9 )  
- 2 5 . 0 4 ( 5 )  
- 2 7 . 3 8 ( 9 )  

-22.73 ( 4 )  

* 
See foo tno te s  of t a b l e  1. 



Table 3. - Values of (RT/F) In  10 from 0°C t o  100°C 

-1 -1 mole R = 8.3143 j o u l e  "K 

T°K = t"C + 273.150 

F = 96487.0 coulombs per  gram-equivalent 

I n  10  = 2.302585 

t"C 

0 
5 

10 
15 
18 
20 
25 
30 
35 
38 
40 
45 

T" K 

273.15 
278.15 
283.15 
288.15 
291.15 
293.15 
298.15 
303.15 
308.15 
311.15 
313.15 
318.15 

(RT/F) I n  10  t " C  
v o l t  

0.054197 
.055189 
.056181 
.057173 
.057768 
.058165 
.059157 
.060149 
.061141 
.061737 
.062133 
.063125 

50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

T" K 

323.15 
328.15 
333.15 
338.15 
343.15 
348.15 
353.15 
358.15 
363.15 
368.15 
373.15 

(RT/F) I n  1 0  
v o l t  

0.064118 
.065110 
.066102 
.067094 
.068086 
.06907 8 
.070070 
.071062 
.072054 
.073046 
.074038 



. 

Table 4. - Values of (RT/F) In 10 for temperatures above 100°C 
(Especially for emf studies of molten electrolytes) 

t"C 

150 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 
1000 

TO K 

423.15 
473.15 
523.15 
573.15 
623.15 
673.15 
723.15 
773.15 
823.15 
873.15 
923.15 
973.15 
1023.15 
1073.15 
1123.15 
1173.15 
1223.15 
1273.15 

1100 1373.15 

-1 -1 mole R = 8.3143 joule "K 

T"K = t"C + 273.150 
F = 96487.0 coulombs per gram-equivalent 

In 10 = 2.302585 

(RT/F) In 10 to c TO K 
volt 

0.083959 
.093880 
.lo380 
.11372 
.12364 
.13356 
,14348 
,15340 
.16333 
,17325 
.18317 
.19309 
.20301 
.21293 
.22285 
,23277 
,24269 
,25261 
.27245 

41200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
2800 
2900 
3000 

1473.15 
1573.15 
1673.15 
1773.15 
1873.15 
1973.15 
2073.15 
2173.15 
2273.15 
2373.15 
2473.15 
2573.15 
2673.15 
2773.15 
2873.15 
2973.15 
3073.15 
3173.15 
3273.15 

(RT/F) In 10 
volt 

0.29229 
.31214 
.33198 
.35182 
.3 7166 
.39150 
.41134 
.43118 
.45103 
.47087 
.49071 
.51055 
.53039 
.55023 
.57007 
.58992 
.60976 
.62960 
.64944 



Table 5.  - Values of mean mola l i ty ,  mean a c t i v i t y  c o e f f i c i e n t ,  s o l u t e  a c t i v i t y ,  
and ion ic  s t r e n g t h  f o r  var ious va lence  types of e l e c t r o l y t e s  

m+ = - a2 = I =  
2 112 C zi m 

i y + 8 .  Tme Example xm 

1-1 

1-2 

1-3 

I 

1-4 

2-1 

~ 2-2 

2- 3 

2-4 

3- 1 

3-2 

3- 3 

3-4 

4- 1 

4- 2 

4- 3 

4- 4 

KC1 

Na2S04 

K3Fe (CN) 6 

A1C13 

LaFe (CN) 

SnFe(CN)6 

2 3 115 1O8ll5 m (Y+Y-) 

2 2  
7 ,  

3 3  

4 4  

4m Y+ - 

27m 7+ - 

5 5  256m 7+ 

3 3  

- 

4 m  Y+ - 

2 2  
7+ 

5 5  108m 7+ 

3 3  
- 

4m 7+ - 

27m Y +  - 4 4  

5 5  108m y+ 

2 2  

- 

7+ 

7 7  6912m 7+  

5 5  256m 7+ 

3 3  

- 

- 

4m Y+ - 

7 7  6912m 7+ 

2 2  

- 

7+ 

m 

3m 

6m 

1Om 

3m 

4m 

15m 

1 2 m  

6m 

15m 

9m 

42m 

1 Om 

12m 

42m 

1 6m 



Table 6. - Physical  P rope r t i e s  of Water 

Temperature Density Spec i f i c  Vapor Viscosi ty3 D i e l e c t r i c  
1 

4 cons tan t  2 p r e s  su re  1 volume 

t d V P Ti G 

"C g/ml m l  /g mm Hg* cent ipose  

0** 
5 

1 0  
1 5  
18  
20 
25  
30 
35 
38 
40 
45 
50 
55 
60 
65 
70  
75 
80 
85 
90 
95 

1 oo*** 

0.99987 
.99999 
.99973 
.99913 
.99862 
.99823 
.99707 
.99567 
.99406 
.99299 
.99224 
.99025 
.98807 
.98573 
,98324 
.98059 
.97781 
,97489 
.97183 
.96865 
,96534 
.96192 
.95838 

1.00013 
1.00001 
1.00027 
1.00087 
1.00138 
1.00177 
1.00293 
1.00434 
1.00598 
1.00706 
1.00782 
1.00985 
1.01207 
1.01448 
1.01705 
1.01979 
1.02270 
1.02576 
1.02899 
1.03237 
1.03590 
1.03959 
1.04343 

4.580 
6.538 
9.203 

12.782 
15.471 
17.529 
23.753 
31.824 
42.180 
49.702 
55.338 
71.90 
92.56 

118.11  
149.47 
187.65 
233.81 
289.22 
355.31 
433.64 
525.92 
634.04 
760.30 

1.787 
1.517 
1.306 
1.138 
1.053 
1.002 
0.8903 

.7974 

.7194 

.6783 

.6531 

.5963 

.5471 

.5044 

.4669 

.4338 

.4044 

.3782 

.3547 
,3340 
,3149 
.2976 
.2 822 

87.74 
85.76 
83.83 
81.95 
80.84 
80.10 
78.30 
76.55 
74.83 
73.82 
73.15 
71 .51  
69 .91  
68 .34  
66.81 
65.32 
63.86 
62.43 
61.03 
59.66 
58.32 
57.01 
55.72 

1 - M. Thiesen, Wiss. Abh. der Physikalisch-Technischen Reichsans t a l t  
- 4 ,  No. 1 ,  1904;  I n t e r n a t i o n a l  C r i t i c a l  Tables 2, 25 ( 1 9 2 8 ) .  

2 - F. G. Keyes, J. Chem. Phys., 1 5 ,  602 ( 1 9 4 7 ) .  

3 - J. F. Swindells,  J. R. Coe, and T. B. Godfrey, J. Research Nat. Bur. 
Standards,  48, 1 ( 1 9 5 2 ) ;  R. C.  Hardy and R. L. Cot t ing ton ,  i b i d ,  42, 
573 ( 1 9 4 9 ) ;  J. R. Coe and T. B.  Godfrey, J. app. Phys., l5, 625 ( 1 9 4 4 ) .  

L 
4 - C. G. Malmberg and A. A. Maryott ,  J. Research N a t .  Bur. Standards,  56,  

1 ( 1 9 5 6 ) .  

* - 760 mm Hg = 1 atmosphere = 1,013,250 dyn cm = 101,325 newtons m-2; 
on t h e  Syst'eme I n t e r n a t i o n a l  d 'Uni tes ,  adopted i n  a r e s o l u t i o n ,  1 1 t h  
General Conference on Weights and Measures, P a r i s ,  October 1960,  t h e  
i n t e r n a t i o n a l  u n i t  of p ressure  i s  t h e  newton p e r  square  meter. 

of water is 0.001"C or  273.16"K. 

-2 

* - The f r eez ing  po in t  i s  zero degrees  Cels ius ,  exac t ly ;  t h e  t r i p l e  p o i n t  

** - The b o i l i n g  p o i n t  



I Table 7 .  - Values of t he  Debye-Hcckel Constants for A c t i v i t y  C o e f f i c i e n t s  f o r  

- t"C 

0 
5 

10 
15 
18 
20 
25 
30 
35 
38 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

Aqueous Solu t ions  from 0 ° C  t o  100°C 

A B 

Weight b a s i s  

kg1/2mol e - 1 / 2  

0.4918 
.4953 
.4989 
.5027 
.5050 
.5067 
.5108 
.5151 
.5196 
,5224 
.5243 
.5292 
.5342 
.5395 
.5449 
.5505 
.5563 
.5623 
,5685 
.5750 
.5817 
.5886 
,5959 

Volume bas i s  

11 Dmole- 1 / 2 

0.4918 
.4953 
.4990 
.5029 
.5054 
.5072 
.5116 
.5162 
.5212 
,5242 
.5263 
.5318 
.5374 
.5434 
,5495 
.5559 
.5625 
.5695 
.5767 
.5843 
.5921 
.6001 
,6087 

Weight b a s i s  Vo 1 ume bas i s 

- 1 / 2  kg1l2 cm8 mole -1'2 cm8 mole 

0.3248 
.3256 
.3264 
.3271 
,3276 
.3279 
.328;' 
.3294 
,3302 
.3307 
.3310 
.3318 
.3326 
.3334 
.3343 
.3351 
.3359 
.3368 
.3377 
.3386 
.3395 
.3405 
-3414 

0.3249 
.3256 
.3264 
.3273 
.3278 
.3282 
.3292 
.3301 
,3312 
.3318 
.3323 
.3334 
.3346 
.3358 
.3371 
.3384 
.3397 
,3411 
,3426 
.3440 
.3456 
.3471 
.3488 



. 

Table 8 .  - Bjerrum's Minimum Ion Parameter* for Uni-univalent Electrolytes 

in Aqueous Solutions from 0°C to 100°C 

Temper a ture Ion parameter Temperature Ion parameter 

t a i a 
i t 

* -  

" C  

0 
5 

10 
1 5  
18 
20 
25 
3 0  
35 
38 
4 0  
45 

- 8  cm 

3.49 
3.50 
3.52 
3.54 
3.55 
3.56 
3.58 
3.60 
3.62 
3.64 
3.65 
3.67 

Sometimes called the ion size. 

" C  

50 
55 
60  
65 
70  
75 
80 
85 
90 
95 

100 

- 8  cm 

3.70 
3.73 
3.75 
3.78 
3 .81  
3 .84  
3.88 
3 . 9 1  
3.94 
3.98 
4.02 



. 
. 

Table 9 .  - Bjerrum's Minimum Ion Parameter* as a Function of D i e l e c t r i c  Constant 

f o r  Uni-univalent E lec t ro ly t e s  a t  25°C 

D i e l e c t r i c  Ion parameter D i e l e c t r i c  Ion parameter 
Constant Constant 

a i c a € i 

- 8  cm -8 cm 

1 
2 
5 

10 
15 
20 
25 
30 
35 
4 0  
45 

280 
140  

56 
28 
18.7 
14.0 
11.2 

9.34 
8.01 
7 .01  
6 .23  

50 
55 
60  
65 
7 0  
75 
8 0  
85 
90 
95 

100 

5.60 
5 . 1 0  
4.67 
4 . 3 1  
4.00 
3.74 
3.50 
3.30 
3.11 
2.95 
2 .80  

* - Sometimes c a l l e d  the  ion  s i z e .  



Table 10. - Activity coefficients of uni-univalent electrolytes in aqueous 
solutions at 2 5 ° C  according to several theoretical equations. 

C - 

I 
0.0001 

.0002 
,0003 
,0004 
.0005 
.0006 
.0007 
,0008 
.0009 
.a01 
.002 
.003 
.004 
.005 
.006 
.007 
.008 
.009 
. 01 
.02 
.03 
.04 
.05 
.06 
.07 
.08 
.09 
.10 

1 - 

0.9883 
.9835 
.9798 
.9767 
.9740 
.9716 
.9693 
,9672 
.9653 
,963k 
.9487 
.9375 
.9282 
.9201 
.9128 
.9061 
.goo0 
.8943 
.8889 
.8465 
.8154 
.7901 
.7684 
.7493 
.7322 
.7166 
.7023 
.6890 

2 - 

0.9884 
,9837 
.9801 
,9772 
.9746 
.9722 
,9701 
.9681 
.9663 
.9645 
,9508 
.9407 
.9323 
.9252 
.9188 
.9131 
,9078 
.9030 
.8984 
.8642 
.8404 
.8217 
.8063 
.7931 
,7816 
.7713 
.7620 
.7535 

3 - 

0.9884 
.9837 
.9801 
.9772 
.9746 
.9722 
.9701 
.9681 
.9663 
.9645 
.9508 
.9406 
,9323 
.9251 
.9187 
.9130 
.9077 
,9029 
.8983 
,8640 
.8401 
,8214 
.8059 
.7921 
.7810 
.7707 
,7614 
.7529 

4 - 

0.9884 
.9838 
,9802 
,9773 
.9747 
.9724 
.9703 
.9682 
.9665 
.9648 
.9513 
.9413 
.9332 
.9262 
.9201 
.9146 
.9095 
.9049 
.9006 
.8683 
.8463 
.8295 
.8159 
.8044 
.7946 
.7859 
,7783 
.7715 

1 
2 Guntelberg 
3 Modified Ghtelberg 
4 Davies 
5 Scatchard 
6 Modified Scatchard 
7 B j e r r m  

Lhmiting law of Debye and HGckel 

5 - 

0.9885 
.9838 
.9803 
.9774 
.9748 
.9725 
.9705 
.9685 
.9667 
,9651 
.9518 
,9421 
.9342 
.9275 
,9215 
.9162 
.9113 
.9068 
.9026 
.8716 
.8505 
.8342 
.8210 
.8098 
.8000 
.7915 
.7837 
.7767 

6 - 

0.9885 
.9838 
.9803 
.9774 
.9748 
.9725 
,9705 
.9685 
.9667 
,9650 
.9518 
,9421 
.9341 
.9274 
.9214 
.9160 
.9112 
,9067 
,9025 
.8714 
.8501 
.8338 
.8205 
.8092 
.7994 
.7907 
.7830 
.7759 

7 - 

0.9884 
.9838 
.9802 
.977 3 
.9747 
,9724 
.970 3 
.9683 
.9665 
.9648 
.9513 
.9413 
.9331 
.9261 
.9199 
.9143 
.9092 
.g045 
.g001 
.8671 
.8443 
.8266 
.8120 
.7996 
.7888 
.7751 
.77G4 
.7626 



Table 11. - A c t i v i t y  c o e f f i c i e n t s  of potassium c h l o r i d e  i n  
aqueous s o l u t i o n s  a t  25°C (p re l imina ry ) .  

m - 

0.0001 
.0002 
.0003 
.0004 
.0005 
.0006 
.0007 
.0008 
.0009 
.001 
.002 
.003 
.004 
.005 
.006 
.007 
.008 
,009 
.01 
.02 
.03 
.04 
.05 
.06 
.07 
.08 
.09 
.10 

- 7, 

0.9884 
,9838 
.9802 
.9773 
.9747 
.9725 
.9704 
.9684 
.9666 
,9649 
.9515 
.9417 
.9336 
.9266 
.9205 
.9151 
.9101 
.9055 
.9012 
.8691 
.8471 
.8301 
.8161 
.8042 
.7938 
.7846 
,7765 
.7690 

C - 

0.0001 
.0002 
.0003 
.0004 
.0005 
.0006 
.0007 
.0008 
.0009 
.001 
.002 
.003 
.004 
.005 
.006 
.007 
.008 
.009 
. 01 
.02 
.03  
.04 
.05 
.06 
.07 
.08 
.09 
.10 

- Y C  

0.9884 
.9838 
,9802 
.9773 
.9747 
.9725 
.9704 
.9684 
,9666 
.9649 
.9515 
.9417 
.9336 
.9268 
.9207 
.9153 
.9103 
.9057 
.9015 
,8696 
,8478 
.8309 
.8170 
,8054 
.7952 
.7861 
.7781 
.7708 



8 

c 

Table 12. - Activity coefficients of sodium chloride in aqueous 
solutions at 25°C (preliminary). 

0.0001 
.0002 
.0003 
.0004 
.0005 
.0006 
.0007 
.0008 
.0009 
.001 
.002 
.003 
.004 
.005 
,006 
.007 
,008 
,009 
.01 
.02 
.03 
.04 

' .05 
.06 
.07 
.08 
.09 
.10 

0.9885 
.9839 
.9804 
.9775 
.9750 
.9727 
.9706 
.9687 
.9669 
,9652 
.9521 
.9424 
.9345 
.9277 
.9218 
.9165 
.9116 
.9071 
.9030 
,8720 
.8510 
.8349 
.8217 
.8106 
,8011 
.7926 
,7851 
.7783 

0.0001 
.0002 
.0003 
.0004 
.0005 
.0006 
.0007 
.0008 
.0009 
.OOl 
.002 
.003 
.004 
.005 
.006 
.007 
.008 
.009 
.01 
.02 
.03 
.04 
.05 
.06 
.07 
.08 
.09 
.10 

0.9885 
.9839 
.9804 
.9775 
.9750 
.9727 
.9706 
.9687 
,9669 
,9652 
.9521 
.9424 
,9345 
.9277 
.9218 
,9165 
,9116 
.9072 
.9031 
,8722 
.8513 
.8354 
.8223 
.8113 
.8019 
.7934 
.7860 
.7793 



. 
' ,b 

Table 1.3. - S p e c i f i c  conductances of s tandard  s o l u t i o n s  of 
? o t a s  s i u m  c h l o r i d e  

-k 
Derial G r a m  K C 1  per S p e c i f i c  conductances 

1000 grams s o l u t i o n  
i n  vacuum * 

0" c 18" C 25°C 
-1 -1 -1 -1 ohm cm -1 -1 ohm cm ohm cm 

1 . U  71.1352 0 045144 0.097 790 0.1.11287 

0.1 7.41913 0.0071344 0.0111612 0.3128496 

0.01 0.745263 0.00077326 0.00121992 0.00140807 

* 
Based on t h e  atomic weights of 1933. 



r 
I1  Table 14.- Values of the Debye-Huckel-Onsager Constants f o r  Equivalent Conductances 

f o r  Aqueous Solutions from 0°C to 100°C 

B1 B2 
'i 

- t " C  Weight basis Volume bas is Weight basis Volume basis 

kg /2m01 e .d1/2mole-1/2 ohm - kg /2m01 e-1/ ohm- 11 /2m01 e -1/2 

0 
5 
10 
15 
18 
20 
25 
30 
35 
38 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 

0.2211 
.2227 
.2243 
.2260 
,2271 
.2278 
.2297 
.2316 
.2336 
.2349 
.2357 
,2379 
.2402 
.2426 
.2450 
.2475 
.2501 
.2528 
.2556 
,2585 
.2615 
.2646 
.2679 

0.2211 
.2227 
,2244 
.2261 
.2272 
.2280 
.2300 
.2321 
.2343 
.2357 
.2366 
.2391 
.2416 
.2443 
.2471 
,2499 
,2529 
.2560 
.2593 
,2627 
.2662 
.2698 
.2737 

29.81 
35.21 
40.99 
47.15 
51.03 
53.67 
60.55 
67.76 
75.28 
79.96 
83.12 
91.26 
99.71 
108.4 
117.4 
126.7 
136.3 
146.1 
156.2 
166.3 
176.8 
187.6 
198.4 

29.82 
35.21 
41.00 
47.17 
51.06 
53.72 
60.64 
67.91 
75.51 
80.24 
83.45 
91.71 
100.3 
109.2 
118.4 
127.9 
137.8 
147.9 
158.4 
169.0 
180.0 
191.3 
202.7 

. 


